ABSTRACT DNMT3L is a regulator of imprint establishment of normally methylated maternal genomic sequences. DNMT3L shows high similarity to the de novo DNA methyltransferases, DNMT3A and DNMT3B, however, the amino acid residues needed for DNA cytosine methyltransferase activity have been lost from the DNMT3L protein sequence. Apart from methyltransferase activity, Dnmt3a and Dnmt3b serve as transcriptional repressors associating with histone deacetylase (HDAC) activity. Here we show that DNMT3L can also repress transcription by binding directly to HDAC1 protein. We have identi®ed the PHD-like zinc ®nger of the ATRX domain as a main repression motif of DNMT3L, through which DNMT3L recruits the HDAC activity needed for transcriptional silencing. Furthermore, we show that DNMT3L protein contains an active nuclear localisation signal at amino acids 156±159. These results describe DNMT3L as a co-repressor protein and suggest that a transcriptionally repressed chromatin organisation through HDAC activity is needed for establishment of genomic imprints.
INTRODUCTION
In genomic imprinting one of the two alleles of an autosomal gene is silenced epigenetically depending on their parental origin. Evidently, imprinting is controlled by several consequent and inter-dependent cis-acting mechanisms that regulate the chromatin structure (1) . The critical role in transmitting the imprinting signals is the chromatin methylation pattern, which in mammals is established predominantly at cytosine nucleotides within CpG islands (2) . Aberrant changes in DNA methylation pro®les are common features of cancer and cause developmental abnormalities (3±6). Examples are imprinting disorders like Prader-Willi and Angelman syndromes, which result from altered methylation on human chromosome 15q11±q13 (7, 8) .
The molecular basis of methylation-mediated gene regulation is related to changes in chromatin folding. The dynamic changes of chromatin are regulated by histone N-terminal modi®cations determining the transcriptionally active or repressed chromatin state (reviewed in 9). Direct connection between methylation of DNA and transcriptional repression is mediated via binding of methylated cytosine-binding protein MeCP2 to methyl-CpG dinucleotides and formation of a complex with histone deacetylase (HDAC) (10, 11) . In this way, the methylation pattern represents epigenetic marking leading to transcriptional silencing through chromatin remodelling.
We have recently isolated a novel DNA-cytosine 5-methyltransferase-like gene (DNMT3L) on chromosome 21q22.3 (12) . The DNMT3L protein shows high similarity to human and mouse DNA-cytosine 5-methyltransferase 3 family (DNMT3) members (13, 14) , proteins involved in de novo methylation of CpG dinucleotide sequences in genome. In addition to DNMT3L, four DNMTs have been characterised altogether, of which three, DNMT1 (15) , DNMT3A and DNMT3B (3) , have been demonstrated to have cytosine methyltransferase activity. Like all DNMT3 family members, DNMT3L shares similarity with ATRX protein (16, 17) in its cysteine-rich zinc ®nger motif region. Dnmt3a and Dnm3b are essential for de novo methylation and for normal mouse development (3) . The two proteins exhibit non-overlapping function in development and produce a methylation pattern that is not random and rather re¯ects speci®c DNA targets (3, 18) . Binding of DNMT proteins to DNA, however, has little dependence on sequence context and, therefore, de novo methylation has been proposed to be under the control of regulatory factors that interact with methyltransferases and mediate the DNA binding speci®city (19) . As an indication of this, Dnmt3a has been demonstrated to associate, like other co-repressors, with HDAC1 and with transcription factor RP58 (20) . These interacting partners identify Dnmt3a as a corepressor protein carrying deacetylase activity which is targeted to regulatory foci via DNA-binding transcription factors.
Recently, Bourc'his et al. (21) generated a targeted disruption of the Dnmt3l gene in mouse in which male testes had severe hypogonadism and a Sertoli cell only phenotype with azoospermia. The heterozygous progeny of the Dnmt3l-de®cient homozygous females failed to develop past 9.5 days due to embryonic defects resulting in biallelic expression of genes that are normally expressed only from the allele of paternal origin. The authors concluded that Dnmt3l is required speci®cally for the establishment of maternal genomic imprints and it is essential for the de novo methylation of single copy DNA sequences. As the Dnmt3l protein sequence lacks the catalytic motifs needed for methyltransferase activity, it is likely to function as a regulator of methylation at imprinted loci rather than a DNA cytosine methyltransferase.
The mechanism by which Dnmt3l is involved in establishing genomic imprints in the germline has remained unknown. Here we show that DNMT3L can mediate transcriptional repression and that the repression is mediated through interaction with HDAC protein and its activity. These results indicate that the mechanisms to establish genomic imprints may employ histone deacetylation-mediated repression processes and suggest that other DNA-binding regulatory factors are needed to mediate speci®c de novo methylation of single copy DNA sequences.
MATERIALS AND METHODS

Plasmids
To create the different DNMT3L constructs used in the CAT assay DNMT3L fragments DNMT3L 1±84 (nucleotides 482±736), DNMT3L 45±84 (nucleotides 617±736) and DNMT3L 88±153 (nucleotides 746±943) were ampli®ed by PCR and cloned into the pM vector (Clontech) EcoRI and SalI sites downstream of the Gal4 DNA-binding domain (Gal4DB). pM-DNMT3L 1±195 (nucleotides 482±1069), pM-DNMT3L (nucleotides 482±1651) and pM-DNMT3L 164±387 (nucleotides 974±1651) were constructed by digesting the pcDNMT3L 1±195, pcDNMT3L and pGEX-DNMT3L vectors, respectively, with EcoRI and HindIII restriction enzymes and subcloning the fragments into pM vector. DNMT3L 88±387 (nucleotides 746±1651) was cloned into pM vector by PCR using primers with EcoRI and HindIII sites. To create plasmids pcDNMT3L 1±195 and pcDNMT3L, which encode N-terminal and full-length myc epitope-tagged DNMT3L, nucleotides 482±1069 (amino acids 1±195) and 482±1651 (amino acids 1±387) were ampli®ed by PCR and cloned between the pcDNA3.1 vector (Invitrogen) EcoRI and HindIII sites. pING14AHDAC1 and GST±HDAC1 were generous gifts from Drs G. Akusja Èrvi and T. Punga (University of Uppsala). pcHDAC1 with an anti-Flag tag was kindly provided by Dr T. Kouzarides (University of Cambridge). Different GST±DNMT3L fragments (GST±DNMT3L 1±84, GST±DNMT3L 45±84, GST±DNMT3L 88±153, GST±DNMT3L 1±195, GST± DNMT3L 88±387 and GST±DNMT3L) used for GST pull-down assays were digested out from corresponding pMor pcDNMT3L vectors and subcloned downstream of the glutathione S-transferase (GST) gene into the pGEX-1lT vector between EcoRI and XhoI or HindIII sites. GST±DNMT3L 164±387 was ampli®ed by PCR and cloned into the pGEX-1lT vector between EcoRI and XhoI sites. The pGEX-1lT vector, which contains a modi®ed multiple cloning site, was a gift from Dr K. Saksela (IMT, University of Tampere). To construct plasmids pGFP-NLS and pGFP-DNMT3L for immuno¯uorescence, DNMT3L nucleotides 906±1005 (amino acids 142±173) and 482±1651 (amino acids 1±387) were ampli®ed by PCR and cloned downstream of green¯uorescent protein between the pEGFP-C3 vector (Clontech) EcoRI and SalI sites. All PCR cloned constructs were veri®ed by sequencing.
Cell cultures
Human rhabdomyosarcoma (RD) cells (American Type Culture Collection) and Cos-7 cells were cultured in Dulbecco's modi®ed Eagle's medium supplemented with 10% foetal calf serum and antibiotics. THP-1 cells were grown in RPMI 1640 supplemented with 10% foetal calf serum, 2 mM L-glutamine and antibiotics. All media and supplements were obtained from Bio Whittaker Europe.
CAT assay
Aliquots of 3 Q 10 5 RD cells were transiently transfected with 500 ng pM, pM-DNMT3L 1±195, pM-DNMT3L 88±387, pM-DNMT3L 164±387, pM-DNMT3L 1±84, pM-DNMT3L 45±84, pM-DNMT3L 88±153 or full-length pM-DNMT3L 1±387 together with 1 mg Gal4TKCAT reporter (kindly provided by Dr Y. Shi, Harvard Medical School) using Lipofectamine (Life Technologies) according to the manufacturer's instructions. Forty-six hours after transfection cells were washed twice with ice-cold phosphate-buffered saline (PBS) and lysed with the CAT ELISA kit (Roche) lysis buffer for 20 min at 4°C. The CAT activity assay was performed using a CAT ELISA kit (Roche) according to the manufacturer's protocol. For the dose-dependence study 1 mg Gal4TKCAT reporter gene was co-transfected with 200 ng or 1 mg pM-DNMT3L 1±195 as mentioned above. Trichostatin A (TSA) treatment was performed with RD cells cotransfected with 1 mg Gal4TKCAT reporter and 500 ng pM-DNMT3L 1±195. At 22 h after transfection 100 nM TSA (Sigma) was added for 24 h. All CAT assay transfections were performed as duplicates and normalised against total protein. CAT activity of the pM-vector with a Gal4DB without a fusion partner was set to 100%.
HDAC1 GST pull-down assays
In vitro translation of pcDNMT3L 1±195 and pING14AHDAC was performed using the TNT Coupled Reticulocyte Lysate System (Promega) according to the manufacturer's instructions. GST fusion proteins were puri®ed as described by Frangioni and Neel (22) from 200 ml of 1 mM IPTG-induced Escherichia coli XL-1 Blue culture. Twenty microlitres of puri®ed GST fusion proteins (total volume of puri®ed GST protein/bead slurry was 300 ml) and 2.5 ml in vitro translation products (50 ml) were used for in vitro binding assay that was performed as described elsewhere (23) . Bound proteins were separated by SDS±PAGE and subjected to autoradiography. For GST pull-down from RD cell lysate 24 mg Flag epitope-tagged pcHDAC1 was transiently transfected into 2 Q 10 6 RD cells using ExGen500 in vitro transfection reagent (MBI Fermentas) according to the manufacturer's protocol. After 48 h cells were lysed by freezing and thawing in 1 ml of NET0.2 lysis buffer (50 mM Tris±HCl pH 7.5, 150 mM NaCl, 5 mM EDTA, 2 mg/ml aprotinin, 500 ng/ml leupeptin). Lysates were passed ®ve times through a 19G needle and centrifuged at 14 000 g at 4°C for 20 min. Equivalent amounts of GST, GST±DNMT3L 1±195 and GST±DNMT3L proteins were incubated with pcHDAC1 lysate in blocking buffer (5% milk, 1% BSA in PBS) at 4°C for 1 h. Pull-down products were washed once with PBS, 0.5% NP-40 and twice with PBS. Bound proteins were separated by SDS±PAGE and HDAC1/DNMT3L interaction was detected by western blotting with anti-Flag antibody (M2 clone; Sigma).
Histone deacetylation activity assay THP-1 monocytes were lysed in NET0.2 buffer for 20 min on ice and the protein concentration of total protein lysate was measured using a Bio-Rad D C Protein Assay Kit. HDAC1 immunoprecipitations were done by incubating 1 mg anti-HDAC1 and anti-GAL4 antibodies (H-51 and RK5C1; Santa Cruz) with 1 mg total THP-1 extract in blocking solution (5% milk, 1% BSA in PBS) at 4°C. After 1±2 h protein A±Sepharose beads (Amersham Pharmacia Biotech) were added to immunoprecipitation samples and incubation was continued for 1±2 h at 4°C. HDAC1 GST pull-downs were performed by incubating different GST±DNMT3L constructs attached to glutathione±Sepharose with 1 mg total THP-1 extract in blocking solution (5% milk, 1% BSA in PBS) for 2±4 h at 4°C. Protein A±Sepharose and GST±Sepharose beads were washed three times with NET0.2 buffer and once with HDAC10 buffer (10 mM Tris±HCl pH 8.0, 10 mM NaCl, 10% glycerol). Finally, Sepharose beads and the attached proteins were resuspended in 40 ml of HDAC10 buffer and used for the histone deacetylation assay, which was performed using a Histone Deacetylation Assay Kit (histone H4 peptide substrate; Upstate Biotechnology). The assay was carried out according to the manufacturer's protocol with the following exceptions: 50 000 c.p.m. of labelled peptide was used instead of 20 000 c.p.m. and HDAC10 buffer was used instead of the HDAC buffer supplied with the kit.
Immuno¯uorescence studies
Aliquots of 1 Q 10 5 Cos-7 cells were grown on coverslips in 6-well plates and transfected with 1 mg plasmid pEGFP-C3, pGFP-NLS or pGFP-DNMT3L using ExGen500 transfection reagent (MBI, Fermentas) according to the instructions provided by the manufacturer. After 48 h cells were ®xed with 4% paraformaldehyde and immuno¯uorescence data were acquired using an Olympus IX70 microscope. Images were captured with a digital CCD camera (Wallac) and UltraVIEW v.4.0.15 software for the PC.
RESULTS
DNMT3L
can repress transcription through the PHDlike zinc ®nger of the ATRX domain Dnmt3a and Dnmt3b have been shown to have the ability to repress transcription (20, 24) , so we wanted to test whether DNMT3L could act as a transcriptional co-repressor as well. In our system a DNMT3L construct was fused to the Gal4DB of the pM vector (pM-DNMT3L) and co-transfected into RD cells together with a CAT reporter gene that contained Gal4-binding sites upstream of a strong thymidine kinase promoter. Co-transfection repressed the reporter activity by~30% when compared with empty pM vector, indicating that DNMT3L indeed has co-repressor activity. We further constructed several DNMT3L truncation constructs in order to identify the protein domain responsible for the repressional effect (Fig. 1A) . Transfection of the reporter constructs pM-DNMT3L 1±195, pM-DNMT3L 88±387, pM-DNMT3L 1±84 and pM-DNMT3L 164±387 showed that the repressional activity was largely mediated through the PHD-like zinc ®nger of the ATRX domain, as pM-DNMT3L 1±195 inhibited transcriptional activity by up to 80% and the strongest repression (90%) was observed with the fragment pM-DNMT3L 88±387, which contains the C-terminal region of the protein with the PHD-like zinc ®nger but not the C2C2 part of the ATRX domain. Less transcriptional repression (60%) than with PHD-containing fragments was also found with the pM-DNMT3L 164±387 fragment, a C-terminal region without the PHD ®nger, suggesting that the C-terminal part may contain another repressional region (Fig. 1B) .
To further dissect the role of the ATRX domain in repression we used a construct with the N-terminal region of DNMT3L with the C2C2 domain but lacking the PHD-like ®nger (pM-DNMT3L 1±84). Interestingly enough, this fragment did not have repressional activity and was even able to slightly activate the Gal4 system (Fig. 1B) . Experiments with only the C2C2 (pM-DNMT3L 45±84) and PHD (pM-DNMT3L 88±153) fragments, however, gave similar results to empty pM vector, which might be due to the fact that these shorter fragments covered only a minimal domain and did not fold correctly.
Taken together these results demonstrate that DNMT3L has a repressional activity, which is predominantly mediated by the PHD-like zinc ®nger of ATRX as a strong repressional domain.
DNMT3L repression is dose-dependent and inhibited by TSA
After ®nding that the PHD-like zinc ®nger of the ATRX domain was responsible for transcriptional repression by DNMT3L, we next wanted to determine whether the repression was dependent on dosage of the DNMT3L protein fragment containing the repression domain. Increasing amounts of pM-DNMT3L 1±195 repressed the CAT activity in a dose-dependent manner, as increasing the DNA construct concentration from 200 ng to 1 mg decreased the activity 4-fold (Fig. 1C) . Since HDAC activity is related to transcriptional repression and as the repression of many proteins has been shown to be mediated by HDAC activity, we further tested whether the repression activity in our system was dependent on a HDAC-speci®c inhibitor, TSA. Addition of 100 nM TSA to pM-DNMT3L 1±195-transfected cells increased the CAT activity to a comparable level with empty pM vector, suggesting that the DNMT3L repression is HDAC-dependent (Fig. 1D ).
DNMT3L interacts with HDAC1
Previously, it has been shown that DNMT1 can repress transcription through directly interacting with HDAC1 (23). More recently, it was shown that by using its zinc ®nger domain for association with HDAC1, Dnmt3a can also act as a transcriptional repressor (20) . With this data, we asked whether DNMT3L could use its ATRX region for physical interaction with HDAC1. We performed in vitro GST pulldown assays using GST±DNMT3L 1±195 and in vitro translated full-length HDAC1. Figure 2A shows that a GST±ATRX domain fusion interacted with HDAC1 whereas GST alone did not. To test the same interaction in the opposite way, we used a GST±HDAC1 protein in pull-down assays with in vitro translated ATRX domain. As again seen in Figure 2B , interaction of the ATRX domain was present with HDAC1 but not with GST protein alone. To prove even further that DNMT3L associates with HDAC1, we performed GST pulldown assays with GST±DNMT3L 1±195 and GST±DNMT3L 1±387 using a lysate of RD cells transfected with pcHDAC1. Figure 2C shows that both full-length GST±DNMT3L and GST±DNMT3L 1±195 interact with HDAC1 as detected by western blotting against HDAC1 protein. These results indicate that DNMT3L, similarly to Dnmt3a, can physically interact with HDAC1 protein using its zinc ®nger ATRX region for interaction.
DNMT3L associates with HDAC activity
After showing an interaction between DNMT3L and HDAC1, we next studied whether DNMT3L binding to HDAC1 is associated with the enzymatically active deacetylase. To test this, we used THP-1 total protein lysate as a HDAC1 source and performed GST pull-down assays with seven different DNMT3L fragments (Fig. 1A) fused to GST protein. As positive and negative controls, anti-HDAC1 and anti-GAL4 antibodies, respectively, were used in immunoprecipitations. The pull-down products and precipitates were incubated with 3 H-acetylated peptide substrate and deacetylation was measured as released [ 3 H]acetate using a scintillation counter. Positive control immunoprecipitations with anti-HDAC1 antibody ef®ciently precipitated HDAC activity and negative control antibody to GAL4 gave background activity (Fig. 3) . Of the seven different GST±DNMT3L fusion proteins used in the assay, all those fragments that contained the PHD-like zinc ®nger of the ATRX domain were able to pull down the HDAC activity from THP-1 lysate. GST±DNMT3L 1±195, 1±387, 88±153 and 88±387 fusion proteins consistently associated with HDAC activity in three separate experiments, whereas GST±DNMT3L 164±387, 1±64, and 45±64 (without the PHD ®nger) and GST alone did not show deacetylase activity in the assay (Fig. 3) . The highest HDAC activity was repeatedly seen with the DNMT3L 88±387 fusion protein containing the C-terminal part of the protein in addition to the PHD-like zinc ®nger domain of the ATRX region. To further verify the enzymatic reaction of HDAC and to show that a deacetylase inhibitor could relieve HDAC activity, we used 100 mM sodium butyrate, similar to TSA, which was added to inhibit the deacetylase reaction. As seen in Figure 3 , deacetylase activity associated with all four DNMT3L fragments containing the PHD domain was inhibited by sodium butyrate treatment. These results demonstrate that DNMT3L associated with HDAC1 has functional deacetylase activity and that the PHD-like zinc ®nger of the ATRX domain is needed for enzymatic reactivity.
DNMT3L contains an active nuclear localisation signal (NLS)
We have previously observed that in transiently transfected Cos-1 and RD cells both human and mouse DNMT3L proteins subcellularly localise in the cytoplasm and nucleus. Thus, examination of the DNMT3L sequence revealed a possible NLS, RRRK, at amino acids 156±159. We cloned DNMT3L nucleotides 906±1005 (amino acids 142±173) downstream of green¯uorescent protein into pEGFP-C3 vector and transiently transfected the construct into Cos-7 cells. The GFP±NLS 142±173 protein fragment localised to the nucleus (Fig. 4A) , demonstrating that DNMT3L has a functional NLS, while GFP±DNMT3L and GFP alone were distributed in the cytoplasm and nucleus (Fig. 4B and C) .
DISCUSSION
In this study we report experiments identifying DNMT3L protein as a transcriptional co-repressor. Previously it has been shown that the function of methyltransferase proteins includes actions as repressors. The major enzyme responsible for maintenance of DNA methylation, DNMT1, establishes a repressive transcription complex by interacting with HDAC1 (23) and HDAC2 (25) . A further connection between methyltransferases and gene silencing comes from experiments showing that the de novo methyltransferases Dnmt3a and Dnmt3b repress transcription in association with HDAC activity (20, 24) . Interestingly, in this context, Dnmt3a and Dnmt3b have been shown to repress in a manner that does not require its de novo methyltransferase activity. Previously we isolated the human and mouse DNMT3L genes (12, 26) and sequence analysis of the two homologous proteins pointed to a Figure 3 . DNMT3L associates with HDAC activity. Seven different GST±DNMT3L fusion proteins were used to pull-down the HDAC activity from THP-1 monocyte total protein lysates. a-HDAC1 and a-GAL4 antibodies were used as positive and negative controls, respectively. Deacetylase activity was detected as radioactivity released from 3 H-labelled acetylated histone peptide substrate. To show that the repressional effect was mediated through HDAC1, 100 mM sodium butyrate (NaBu) was added to the reactions with PHD ®nger-containing constructs to inhibit the deacetylation reaction. lack of amino acid residues needed for methyltransferase activity. Although sharing signi®cant similarity with the conserved motifs I, IV and VI found in the catabolic domain of other DNMT family proteins (27±29), the absence of the critical residues implied that DNMT3L/Dnmt3l protein has no direct methyltransferase activity and functions through other mechanisms. Our current results, showing a transcriptional repression effect of DNMT3L mediated through interaction with HDAC and its activity, support similar ®ndings observed with Dnmt3a.
The majority of the repression effect can be attributed to the ATRX domain of DNMT3L protein. The ATRX domain connected with the N-terminal part of DNMT3L protein was able to more actively repress transcription than full-length DNMT3L protein, decreasing CAT activity to 20% of that in the presence of the pM vector, and in some experiments a reduction was observed to as low as 11%. These results are consistent with recent observations by Fuks et al. (20) and Bachman et al. (24) on other DNMT3 family members, which demonstrated that the repressional activity of Dnmt3a and Dnmt3b was mediated through their ATRX-like regions. To further scrutinise the repression activity of the ATRX-like domain we analysed the C2C2 region in the context of the N-terminal part and the PHD-like ®nger in the context of the C-terminal region of DNMT3L separately. Repression was still observed with the fragment with the PHD-like ®nger whereas the N-terminal part even exhibited a slight activation effect. This result may explain the discrepancy in repression activity found between the ATRX domain-containing fragment and full-length protein. In addition, we have demonstrated that the ATRX domain was able to directly interact with HDAC1 and, in concordance with this, associates with HDAC activity. Again, of seven tested constructs the four fragments with the PHD-like ®nger of the ATRX region gave consistent effects on deacetylase enzymatic activity, thus highlighting the role of this domain in functional repression. Moreover, in both repression and deacetylation assays the PHD-like zinc ®nger showed the most remarkable effect in the context of the C-terminal region of DNMT3L.
Our previous studies showed that DNMT3L subcellularly localises in the nucleus and cytoplasm. In this study we identi®ed a functional NLS, RRRK, at DNMT3L amino acids 156 ±159. Bachmann et al. (24) showed that in transient transfections of NIH 3T3 cells, Dnmt3a is localised to discrete nuclear foci representing pericentric heterochromatin and that the ATRX-like domain of Dnmt3a was not needed for targeting of the protein. However, alignment of all three DNMT3 family members suggests that the same NLS is also present in DNMT3A and DNMT3B. Whether the NLS identi®ed here in DNMT3L is also functional in DNMT3A and DNMT3B remains to be studied.
In conclusion, our major ®ndings provide information that despite the lack of methyltransferase activity DNMT3L can act as a co-repressor by interacting with HDAC1 through its ATRX-like domain and associates with HDAC activity. These results also indirectly suggest that to regulate the establishment of genomic imprints in sperm and oocytes, DNMT3L may make use of nucleosome deacetylase-linked processes or recruit, through an HDAC complex, active de novo methyltransferases such as DNMT3A or DNMT3B. Lack of obvious DNA-binding domains in the DNMT3L sequence also points to the possibility that DNMT3L, like Dnmt3a, may interact with speci®c DNA-binding transcription factors.
